To evaluate the effect of lactoferrin (Lf) and transferrin (Tf) in brain targeting. Methods: Polymersomes (PSs), employed as vectors, were conjugated with Lf or Tf and were characterized by morphology, particle size, zeta potential, and surface densities of the Lf or Tf molecules. In vitro uptake of Lf-PS and Tf-PS by bEnd.3 cells was investigated using coumarin-6 as a fluorescent probe. In vivo tissue distribution and pharmacokinetics of 125 I-Lf-PS and 125 I-Tf-PS were also examined. Results: The mean particle size of PS, Lf-PS, and Tf-PS was around 150 nm and the zeta potential of the PSs was about -20 mV. Less than 0.12% of the coumarin was released from coumarin-6-loaded PS in 84 h indicating that coumarin-6 was an accurate probe for the PSs' behavior in vitro. It was shown that the uptake of Lf-PS and Tf-PS by bEnd.3 cells was time-, temperature-, and concentrationdependent. Both Lf and Tf could increase the cell uptake of PSs at 37°C, but the uptake of Tf-PS was significantly greater than that of Lf-PS. In vivo tissue distribution and pharmacokinetics in mice revealed higher brain uptake and distribution of Tf-PS than Lf-PS, which was in accordance with in vitro uptake results. The drug targeting index (DTI) of Tf-PS with regard to Lf-PS was 1.51. Conclusion: Using a PS as the delivery vector and bEnd.3 cells as the model of the blood-brain barrier (BBB), Tf was more effective than Lf in brain targeting.
Introduction
The blood-brain barrier (BBB), the most formidable obstacle in the treatment of brain diseases, protects the central nervous system (CNS) from exogenous toxicants, but at the same time, also excludes potential therapeutics [1] . In fact, almost all of the large-molecule drugs and more than 98% of small-molecule drugs cannot cross the BBB [2] . Realizing that so few drugs cross the BBB, researchers have continuously committed to developing various drug delivery and targeting strategies to overcome this obstacle [3] [4] [5] . However, the efforts are still far from sufficient.
As local invasive (direct injection/infusion) delivery has been associated with many disadvantages [6] , global noninvasive strategies taking advantage of endogenous nutrient transport systems present at the BBB can facilitate widespread transport across the whole brain without disruption of the barrier properties [7] . Among the various noninvasive approaches, receptor-mediated systems seem to be one of the most promising. Coupling vectors with specific receptors on the BBB to loading vehicles combines the advantages of brain targeting, high incorporation capacity, reduction of side effects, and circumvention of the multidrug efflux system [8] . Lactoferrin (Lf) and transferrin (Tf) belong to the transferrin family. Tf is a single-chain glycoprotein containing about 700 amino acids whereas Lf contains about 690 amino acids [9, 10] . Though Tf and Lf are quite similar overall in sequence and structure, and coordinate iron in the same manner, they differ in the structure of their inter-lobe linker, the salt bridge between the helical linker, their pattern of disulfide bonding, and their receptor binding properties [11] . Lf receptor (LfR) and Tf receptor (TfR) have been demonstrated to exist on the BBB in different species and to be involved in Lf and Tf transport across the BBB in vitro and in vivo [12] [13] [14] [15] . There are interesting reports that the expression of LfR in the brain is increased under some disease conditions such as Parkinson's disease and Alzheimer's disease [16] [17] [18] and that TfR is more highly expressed on tumor cells than on ordinary cells [19] . These data suggest Lf and Tf have prospective benefits in brain targeting.
Recently, Ji et al compared the brain uptake of Lf with that of Tf; the uptake of Lf was much higher than Tf, indicating that Lf might be more useful as a ligand for facilitating drug delivery into the brain [20] . However, there are several factors that can affect the brain targeting of drug delivery systems, such as the binding affinity and capacity of targeting ligands, the surface density of the ligands conjugated with each vector, the characteristics of vectors, and blood elimination. The characteristics of targeting ligands might change after they conjugate with vectors, and the targeting effect of drug delivery systems is not always coincident with that of targeting ligands. Therefore, it has not been confirmed which ligand -Lf or Tf -has better brain targeting ability after conjugation with vectors, which is important for researchers to develop new effective brain drug delivery systems.
To evaluate the effect of two targeting ligands, Tf and Lf, in enhancing drug delivery into the brain, a vector could be employed. Polymersomes (PSs), as a new class of synthetic thin-shelled capsules based on block copolymer chemistry, are self-assembled vesicles of amphiphilic block copolymers with thicker and tougher membranes than lipids [21, 22] . Compared with liposomes, PSs contain many advantages such as adjustable amphiphile molecular weight (MW) and ratio, tunable physical and chemical properties, and tunable in vivo behavior [23] . Pang et al confirmed that PSs could be employed as vectors to develop a brain targeting drug delivery system [23] . The objective of this paper is to develop two brain delivery systems, Lf-conjugated PS (Lf-PS) and Tf-conjugated PS (Tf-PS), and to compare the relative superiority of Lf and Tf in brain drug targeting.
Materials and Methods

Materials and animals
Poly (butadiene-b-ethylene oxide) (PBD-PEO, 5000-2300) was purchased from Polymer Source Inc, America. Poly (ethylene glycol-b-lactic acid) (PEG-PLA, 3400:4000) and maleimide-PEG-PLA (Mal-PEG-PLA, 3400:4000) was custom-synthesized by Chengdu Organic Chemicals Co, Ltd, China. Holo-transferrin (human), lactoferrin (from bovine colostrum), 2-iminothiolane (Traut's reagent) and coumarin-6 were purchased from Sigma, America. Na 125 I was purchased from Chengdu Gaotong Isotope Corporation, China. Sepharose CL-4B was purchased from Pharmacia, Sweden. Other agents (analytical pure) were all from Sinopharm Chemical Reagent Co, Ltd, China.
KM mice (18-20 g, ♀) were obtained from Shanghai Slac Laboratory Animal Co, Ltd and maintained at 22±2 °C on a 12-h light-dark cycle with access to food and water ad libitum. The animals used for the experiment were treated according to the protocols evaluated and approved by the ethical committee of Fudan University.
Preparation and characterization of PS, Lf-PS, and Tf-PS Preparation of PSs PSs were prepared using film rehydration as described by Photos et al [24] . Briefly, 2 mL of copolymer solution in dichloromethane (5 g/L, PBD-PEO:PEG-PLA:MAL-PEG-PLA=7:2:1) was first thoroughly dried onto the walls of a 100-mL glass vial for at least 1 h on the rotary evaporator (R-200, Buchi, Germany). A volume of 2 mL of 0.01 mol/L sodium phosphate buffer (PBS), pH 7.4, was added to rehydrate the film for 30 min at 37 °C. The liquid was subjected to sonication (200 W) for 200 s, followed by passing through a 0.22 μm microporous membrane. Coumarin-6-loaded PSs were prepared with the same procedure except that 0.1% (w/v) of coumarin-6 was added to the dichloromethane solution before film formation and the obtained PSs were subjected to a 1.5×20 cm sepharose CL-4B column and eluted with 0.01 mol/L PBS, pH 7.4, to remove the unentrapped coumarin-6.
Preparation of Lf-PS and Tf-PS
Lf and Tf were thiolated by a reaction for 60 min with a 30:1 molar excess of 2-iminothiolane in 0.15 mol/L sodium borate buffer, pH 8.0, supplemented with 0.1 mmol/L EDTA, as described previously [25] . The product was then applied to a Hitrap™ Desalting column (Pharmacia, Sweden) and eluted with 0.01 mol/L PBS, pH 7.4. The protein fractions were collected and introduced thiol groups were determined spectrophotometrically (λ/nm=412) with Ellman's reagent [26] . Lf-PS and Tf-PS were prepared by incubating the purified thiolated Lf or Tf with the PS at room temperature for 5 h. The products were then subjected to a 1.5×20 cm sepharose CL-4B column and eluted with 0.01 mol/L PBS, pH 7.4, to remove the unconjugated proteins. The particles concentration was determined by turbidimetry using a UV-2401 spectrophotometer at 350 nm (Shimadzu, Japan).
125 I-Lf-PS and 125 I-Tf-PS were prepared by incubating the Lf or Tf with Na 125 I (1 mg 74 MBq and 1 mg 92 MBq, respectively) at 35 °C for 5 min. The products were applied to a Hitrap Desalting column and eluted with 0.01 mol/L PBS, pH 7.4. The protein fractions were subjected to the above procedure to prepare 125 I-Lf-PS and 125 I-Tf-PS.
Morphology, particle size, and zeta potential
The mean diameter and zeta potential of the PS, Lf-PS, and Tf-PS were determined by dynamic light scattering (DLS) using a Zeta Potential/Particle Sizer NICOMP™380 ZLS (Santa Barbara, CA). The morphological examination of PS was carried out by transmission electron microscope (H-600, Hitachi, Japan).
The number of Lf or Tf molecules conjugated with each Lf-PS or Tf-PS
The calculation for the surface number of Lf or Tf molecules per Lf-PS or Tf-PS was based on the relation between concentration of Lf-PS or Tf-PS and intensity of radioactivity of Lf or Tf [25, 27] . 
In vitro release of coumarin-6 from PS
In vitro release experiments of coumarin-6 from the PS were performed at 37 °C in 0.01 mol/L PBS (pH 4 and pH 7.4) to evaluate if the fluorescent probe remained associated with the particles during an 84-h incubation period. pH 4 and pH 7.4 represented the pH in the endo-lysosomal compartment and physiologic pH, respectively. Coumarin-6-loaded PSs were incubated at a particle concentration of 7 mg/L with shaking at 100 r/min under a predetermined sink condition. Periodic samples were lyophilized, then reconstituted by 1 mL methanol, and used for HPLC analysis of coumarin-6 after centrifugalization at 10 000×g for 10 min.
In vitro uptake of coumarin-6-labeled PS, Lf-PS, and Tf-PS by bEnd.3 cells Cell culture bEnd.3 cells, the immortalized mouse brain endothelial cell line, were maintained in 10-cm tissue culture dishes in Dulbecco's Modified Eagle's Medium supplemented with 10% fetal bovine serum (FBS), penicillin (100 kU/L) and streptomycin (100 mg/L).
Fluorescent microscopy of PS, Lf-PS, and Tf-PS uptake by bEnd.3 cells
bEnd.3 cells were seeded at a density of 10 4 cells/cm 2 on a polylysine-coated glass cover slip. On the second day, after preincubation with HBSS for 15 min, the cells were incubated with coumarin-6-loaded PS, Lf-PS, and Tf-PS suspensions (300 mg/L in HBSS, pH 7.4) for 0.5, 1, and 2 h at 37 °C, respectively [29, 30] . At the end of the experiment, the cells were washed three times with PBS and fixed by 4% paraformaldehyde for 20 min. Then, they were washed three times with PBS, mounted in Dako fluorescent mounting medium and observed under a fluorescent microscope (Olympus, Japan).
Quantitative analysis of coumarin-6-labeled PS, Lf-PS, and
Tf-PS uptake bEnd.3 cells were seeded at a density of 10 4 cells/cm 2 onto 24-well plates. On the second day, after preincubation with HBSS for 15 min, the medium was replaced with the suspension of PS, Lf-PS, or Tf-PS (10-600 mg/L) and incubated for 1 h at 4 °C and 1 h at 37 °C. In a separate experiment, to study the effects of incubation time on particle uptake, the medium was replaced with 1 ml 100 mg/L suspension of PS, Lf-PS, or Tf-PS in HBSS per well and the plate was incubated for 15 min, 30 min, 1 h, and 2 h at 37 °C. At the end of the incubation period, the cells were washed with ice-cold PBS five times. Subsequently, the cells were solubilized in 400 μL 1% Triton X-100 and 20 μL cell lysate from each well was used to 1, 2, 4, 6, 8, 12, 16, 24 , and 48 h following iv injection, the blood samples were collected and the mice were sacrificed. The brain, heart, liver, spleen, lung, and kidney tissues were harvested, followed by a quick washing with cold saline and then subjected to weighing and detection by radioimmune γ detector (SN-695, Hesuo Rihuan, China).
Concentration data were dose-normalized and plotted as drug concentration-time curves in the blood and brain. The C max and t max values were read directly from the concentrationtime profile and the area under the concentration-time curve (AUC) was calculated by the trapezoidal rule. The statistical differences between Lf-PS and Tf-PS were assessed using a paired Student's t-test and a P value of less than 0.05 was accepted as significant.
Results
Preparation and characterization of PS, Lf-PS, and Tf-PS The mean particle size of PSs was around 150 nm and the average zeta potential was around -20 mV, which is regarded as favorable for brain transport. After Lf or Tf conjugation, the particle size and zeta potential changed slightly. The mean particle size of Lf-PS and Tf-PS changed from 166.4 nm and 141.0 nm to 167.6 nm and 146.1 nm, respectively, while the average zeta potential of Lf-PS and Tf-PS changed from -24.25 mV to -22.08 mV and -20.45 mV, respectively. TEM photographs showed PSs were generally spherical and of regular size (Figure 1) .
The average number of Lf or Tf molecules conjugated with Figure 1 . Transmission electron micrograph of PS negatively stained with uranyl acetate solution. The bar is 50 nm.
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Acta Pharmacologica Sinica npg PSs was 45.5 and 50.4 per particle, respectively. Therefore, the material ratio was slightly changed in the experiment thereafter to make sure the average molecular number of Lf and Tf were as close to each other as possible.
The particle size and zeta potential of particles did not change much after conjugation with Lf or Tf, and the amount of protein conjugated with particles was extremely little compared with the amount of particles and it would not affect the permeability of the membrane of particles. Thus, the in vitro release experiments of coumarin-6 from the PSs can represent that from Lf-PS and Tf-PS. Coumarin-6 has high fluorescence efficiency, liposolubility and detection sensibility, and coumarin-6 has a detection limit as low as 4 ng/L by HPLC. Many researchers have used it as a fluorescence probe of nano drug delivery systems in quality and quantity analysis [5, 27] . Although the release speed at pH 4.0 was quicker than that at pH 7.4, the cumulative released percentage of both was smaller than 0.12% (Figure 2) , which is similar to other studies [5, 23, 27] . This suggested that most of the incorporated coumarin-6 remained in the particles and indicated that the fluorescence signal detected in the cell or tissue samples was attributed mainly to the coumarin-6 encapsulated into the particles.
Uptake of coumarin-6-loaded PS, Lf-PS, and Tf-PS by bEnd.3 cells The uptake of PS, Lf-PS, and Tf-PS by bEnd.3 cells was dependent on the incubation time within 2 h ( Figure 3B ). At each timepoint, the uptake amount of Lf-PS and Tf-PS was higher than that of PS, about 1.56 and 1.86 times higher than that of PS at 2 h, respectively; and the uptake amount of Tf-PS was 1.19 times as much as that of Lf-PS. The uptake amount of all PS, Lf-PS and Tf-PS under 37 °C was much higher than that under 4 °C, suggesting that the uptake of all particles was temperature-dependent ( Figure 3A) . The uptake of PS, Lf-PS, and Tf-PS was also concentration-dependent. At 37 °C, the uptake increased with an increase in the concentration, showing almost first-order kinetics ( Figure 3A) . The uptake of Lf-PS and Tf-PS was 2.19-and 3.33-fold greater than that of PS at 600 mg/L, respectively; and the uptake of Tf-PS was 1.52 times greater than that of Lf-PS at 600 mg/L. Under 4 °C, the uptake of PS, Lf-PS, and Tf-PS quickly reached saturation at a concentration of 100 mg/L, showing no significant difference between the three kinds of PSs.
Fluorescent microscopy photographs of bEnd.3 cells exposed to PS, Lf-PS, and Tf-PS at the same concentration (300 mg/L) demonstrated that the increase of fluorescent intensity in the cells correlated with an increase in the time of incubation (Figure 4 ). There was an obvious accumulation of dye of Lf-PS and Tf-PS in the cells compared with that of PS for 30, 60, and 120 min at 37 °C. Our in vitro release results confirmed the relative inertia of the coumarin-6 in the particles. Thus, we concluded coumarin-6 detected in the cells reflected the particles.
Tissue distribution of 125 I-Lf-PS and 125 I-Tf-PS To evaluate the brain uptake and tissue distribution of the Lf-PS and Tf-PS, 125 I was labeled on Lf and Tf, and the blood and other tissues' concentrations of the particles were detected with a radioactive method. Both Lf-PS and Tf-PS exhibited similar concentration-time profiles ( Figure 5A ). However, the blood AUC 0-t of Tf-PS was much higher than that of Lf-PS, about 1.84-fold greater ( Table 1) . The elimination rate constant (β) of Lf-PS was 3.12-fold greater than that of Tf-PS, and the distribution rate constant (α) of Lf-PS was 2.11-fold greater (Table 1) . The brain uptake of Tf-PS was higher than that of Lf-PS at every timepoint ( Figure 5B ). The AUC 0-t of brain concentration of Tf-PS was about 2.79-fold greater than that of Lf-PS (Table 1) . However, in other tissues, this was not the case. The AUC 0-t in heart, kidney, and lung of Tf-PS were significantly higher than that of Lf-PS ( Figure 5C) ; the AUC 0-t in spleen tissue had no significant difference with that in brain tissue; but the liver AUC 0-t of Lf-PS was 1.34 times greater than that of Tf-PS, indicating that the Lf-PS was more easily phagocytized by macrophages than Tf-PS, which could make the blood AUC 0-t lower.
To determine the difference between Lf-PS and Tf-PS in brain targeting, the drug targeting index (DTI) was calculated: DTI=(AUC brain /AUC blood ) Tf-PS /(AUC brain /AUC blood ) Lf-PS The closer a compound's DTI is to 1, the less targeting effect it has [31] . The brain DTI of Tf-PS with regard to Lf-PS was 1.51, which indicated that Tf-PS was more effective than Lf-PS in brain targeting.
Discussion and conclusion bEnd.3 cells are an immortalized mouse brain endothelial cell line exhibiting endothelial properties. The cells express von Willebrand factor, vascular endothelial growth factor receptors and can internalize acetylated low-density lipoprotein [32] . They are an attractive candidate as a model of the BBB due to their rapid growth, maintenance of blood-brain barrier characteristics over repeated passages, formation of functional barriers and amenability to numerous molecular interventions [5, 33] . Thus, bEnd.3 cells were chosen as an easy BBB model to study the brain delivery properties of Lf-PS and Tf-PS in vitro.
The time-, temperature-, and concentration-dependent uptake of the particles suggested a process of active endocytosis. The enhanced uptake of Lf-PS and Tf-PS compared to PS by bEnd.3 cells might be caused by an additional endocytosis mechanism involving Lf and Tf, and this has been demonstrated by several researchers [5, 15] . The results also showed that Tf was more effective than Lf in facilitating cell uptake of PSs, which might have several reasons including the following: [15, 34] , which means the affinity of Tf with TfR is much higher than that of Lf with LfR bEnd.3; (2) bEnd.3 cells may exhibit a greater amount of TfR than LfR; and (3) the conjugated PSs down-regulated the affinity of Lf with LfR more than that of Tf with TfR. The last two hypotheses should be identified by further experiments.
TfR and LfR have been demonstrated to exist on the BBB in different species and to be involved in Tf and Lf transport across the BBB in vitro and in vivo [11, 12, 14, 15] . In the standard protocol, perfusion is performed before tissues are harvested, and in most of our past experiments, perfusion was performed. In this study, considering the aim was to compare the relative effect of Tf and Lf, and the blood effect may be neutralized, the perfusion was omitted. Several studies published recently have also omitted perfusion [35] . Our results showed that the difference of particles' AUC 0-t of brain was partly affected by the blood elimination, which meant that Lf-PS was more easily identified and eliminated by cells of the mononuclear phagocytic system (MPS). The concentration of circulating Tf is about 25 μmol/L [34] , whereas the plasma concentration of endogenous Lf is approximately 16 nmol/L [20] : 1000-fold lower than Tf. The added Lf and Tf (conjugated with PSs) in the blood were about 14 nmol/L at the peak. Therefore, the added Lf greatly changed the circulating amount of Lf, whereas that of Tf only changed a little, which may have caused the MPS to more easily eliminate the Lf-PS, but the definite mechanism was unclear. Tf-PS was still better than Lf-PS in brain targeting, which was coincident with the results of bEnd.3 cells uptake in vitro. However, the ligands' conjugation with PSs increased not only the brain uptake but also the liver and spleen uptake of drug delivery systems, which might cause increased toxicities to these organs, a general obstacle that the nanoparticle systems have faced. Considering the BBB prevents almost 100% of large molecule drugs and about 98% of small molecule drugs from entering the brain, researchers mainly focused on increasing the brain drug concentration while ignoring other tissues' drug concentrations. Nowadays, researchers have gradually realized that increasing the sitespecific distribution to the brain and decreasing the distribution to other tissues have become the key point in the treatment of brain diseases. Unfortunately, researchers have only been able to increase the distribution of nanoparticle systems to the brain while hardly decreasing the distribution to other tissues, which is the main obstacle researchers are unceasingly devoted to overcoming in brain drug delivery systems.
The brain targeting property of drug delivery systems is largely affected by the targeting ligands, so it is very important to choose the right targeting ligand in research design. Recently, most of the brain targeting moieties are either the related ligands of known receptors, or carriers on the BBB or the cationic proteins, which can bind with the anionic BBB, such as transferrin receptor monoclonal antibody OX26, insulin, and cationic albumin [23, 27, 36] . However, these targeting ligands generally present problems such as low specificity and not ideal brain targeting properties. Several researchers have tried to select peptides or nucleic acids as targeting moieties, which may contain much better characteristics, through several methods including phage display [37] and systematic evolution of ligands by exponential enrichment [38] . These have shown their efficacy in a development perspective, which may largely increase the brain targeting effect of drug delivery systems. 
